We demonstrate that the pedestal components observed in the power spectra of a directly modulated laser diode, which were interpreted as a sign of instability of the periodic regime, are an indication of the coexistence of a chaotic regime with the periodic one. We present the underlying dynamics behind the rise of these pedestals, showing two different situations in which the pedestals appear. In both, a periodic regime coexists with another attractor, a saddle cycle in one case and a chaotic attractor in the other. The random f luctuations included in the laser diode model allow the coexisting attractors to merge in the observed behavior of the laser. 
Experimental studies of the dynamics of directly modulated laser diodes reportedly exhibit a wide diversity of nonlinear behavior such as period-doubling sequences, period tripling, and chaos. 1 -3 Evidence of these regimes results from the observation of the device's output power on a spectrum analyzer. However, in addition to the spectral peaks that appear to be related to the periodic behavior, broad amplitude components have frequently been found. 1, 2 Low-amplitude broadband components, which appear as noise bumps in the power spectra, have been found to be a particular case of the general theory of noise precursors, the virtual Hopf phenomenon. 4, 5 Noise precursors analyze the role of noise in systems close to instability (bifurcation) and were developed by Wiesenfeld. 4 Within the noise precursor theory, it has been demonstrated that the widths of the noise bumps and their frequency shifts depend on the location of the Floquet multipliers, which determine the stability of the diode laser's periodic motion. Because the loci of the multipliers vary with the modulation index, the noise bumps move accordingly. 5 The present study is concerned with broad pedestals that have been experimentally observed in the power spectra of different periodic regimes of a modulated laser diode response, where they have been commonly interpreted as a sign of instability of the regimes. 2 In this Letter we show that there are situations when the observed pedestals become an indication that coexisting solutions cooperate in the laser diode dynamics. We provide an explanation of the underlying dynamics that give rise to these pedestals in terms of the effect of random f luctuations on coexisting solutions, reporting two situations in which pedestals appear. In the first one, noise permits the trajectory of the system, governed by a stable periodic orbit, to embed a saddle cycle; in the second, it causes the behavior of the laser to be composed simultaneously of a periodic regime and a chaotic attractor.
Based on previous studies 6, 7 in which the sequence of behaviors in the route to chaos of a directly modulated laser diode showed good agreement with observations, we now perform a numerical analysis of two different periodic regimes in which pedestals have been shown. The laser diode dynamics are approximated by a rate equation system that models the time evolution of the carrier density n and the photon density s in the lasing region. To achieve close agreement with the experimental data, we included random noise f luctuations by means of Langevin sources. Written in dimensionless form, in which the normalized carrier and photon densities are unit order variables, the system of equations reads as
2)
The input current, i, acts as a forcing term on the system, introducing a sinusoidal modulation about a dc bias current, 25 , which correspond to the photon lifetime, the carrier lifetime, the volume of the active layer, the optical conf inement factor, the linear gain coeff icient, the gain compression factor, the carrier density needed for transparency, and the spontaneous-emission factor, respectively. From these, the normalized constants that appear in the rate equation system are T p 500, k 0.004, n t 0.6429, and A p 2.8. Further details of these equations can be found in Ref. 6 . The random f luctuations of carriers and photons are introduced by the Langevin sources f n ͑t͒ and f s ͑t͒, respectively, and their autocorrelation and cross-correlation strengths are calculated with the assumption that the laser diode noise processes can be modeled as shot noise, following the approach of Marcuse. 8 The conditions of our present study are chosen to reproduce the stage at which a pedestal has been reported: the period-tripling behavior in Fig. 3(c) of Ref. 2. The bias index has been set to p 1.25, and the modulation frequency to twice that of the relaxation oscillations (which in our case is 1 GHz). An overall picture of the qualitative change in behavior as the modulation index varies is provided by the bifurcation diagram in Fig. 1 . We constructed this diagram by using the stroboscopic technique, sampling a single realization at integer multiples of the modulation period. It shows how a period-doubling bifurcation is followed by a period-tripling behavior, which is then replaced by a chaotic stage. Bifurcation diagrams, Bifurcation diagrams, the commonly employed tool to characterize the dynamics in theoretical studies, are very diff icult to trace in experimental setups, and therefore alternative ways to characterize their behavior such as observation on a spectrum analyzer, must be employed. For this reason, the behavior of the laser diode at two modulation index levels, marked with arrows in Fig. 1 , is represented by a simulation of the experimental procedure: Ten time realizations of the photon density are averaged in the frequency domain after the fast Fourier transform (FFT) of each is taken. The two arrows in the bifurcation diagram mark the two modulation index levels that have been investigated in depth.
At the first of these modulation index values, at m 4.2, whereas the deterministic dynamics presents a period-quadrupling behavior, 6 the traces on the bifurcation diagram in Fig. 1 suggests a noisy 2T m -period behavior. However, the output spectra at this level, given in Fig. 2 , show two well-defined peaks that appear at the frequency of modulation ͑ f m 2 GHz͒ and at half of that frequency ͑ f m ͞2͒. However, in addition to these, a small peak emerges at f m ͞4 above a local rise of the noise level between f m ͞4 and f m ͞2. Inasmuch as the FFT averages that unmask the periodquadrupling behavior do not average out the noise rise, its origin must be found in the system's dynamics, which we now investigate by the phase-space representation of Fig. 2(b) . This figure indicates that the stochastic dynamics are governed by the 4T m -periodic orbit of the deterministic dynamics. However, because of the random f luctuations that are introduced by the noise sources, this orbit embeds the 2T m saddle cycle. The origin of the increased noise is the embedding of the saddle cycles that appear as the system goes through its period-doubling cascade. This figure is in close agreement with Fig. 2(b It has been experimentally observed that the period-quadrupling behavior is followed by a periodtripling stage. 2 The spectrum that results from the FFT average when the modulation index is set to m 10.4, which appears in Fig. 3(a) , is in close qualitative agreement with the experimental results [ Fig. 3(c) of Ref. 2] . In both, a bat-shaped spectrum below the modulation frequency is shown, formed by two peaks at frequencies f m ͞3 and 2f m ͞3 and a local noise rise between them. These peaks allow us to identify this behavior with a period-tripling stage, which, because of the noise pedestal, is assumed to be highly unstable. 2 At this modulation level, the bifurcation diagram shows a single trace, providing an indication that the behavior could be chaotic. In fact, a deterministic analysis shows that, within the modulation that ranges from m 10.1 to m 10.8, two attractors coexist, a period-tripling orbit and a chaotic attractor. 7 Because chaotic behavior typically exhibits a broadband noise power spectrum, 9 the bat-shaped spectrum seems to be an indication that the two different attractors have merged under the inf luence of noise. This fact can be effectively observed in the phase-space representation of Fig. 3(b) . The stochastic trajectory is shown to embed all the saddle cycle solutions created by the period-doubling sequence as well as the period-tripling orbit. As a chaotic attractor can be def ined as the closure of an infinite number of unstable solutions, embedding the saddles gives the trajectory its chaotic characteristic. However, the chaotic regime may be masked by the simultaneous appearance of a periodic one.
In conclusion, in this Letter we have uncovered the underlying dynamics that the random f luctuations produce in different periodic regimes, giving rise to pedestal components that have been experimentally observed in the power spectra of a directly modulated laser diode. We demonstrate that the highly unstable periodic regime that was observed experimentally is truly the result of merging two coexisting behaviors, period tripling and chaos. Therefore pedestal components can constitute an indication of chaotic regimes in laser diodes.
